Denervation is known to induce skeletal muscle atrophy and fiber-type transitions, the molecular mechanisms of which are poorly understood. To investigate the effect of denervation on skeletal muscle, proteomic analysis was performed to compare denervated soleus muscle with normal soleus muscle. The muscles were fractionated to myofibrillar and sarcoplasmic fractions, which were analysed using two-dimensional gel electrophoresis (2-DE), followed by MALDI-TOF-MS. At least 30 differentially regulated proteins were identified in the sarcoplasmic fractions of normal and denervated soleus muscles. This group included metabolic enzymes, signaling molecules, chaperones, and contractile proteins. We also found two proteins, APOBEC-2 (RNAediting enzyme) and Gamma-synuclein (breast cancer related protein), which have not been recognized as denervation-induced proteins to date. Our results might prove to be beneficial in elucidating the molecular mechanisms of denervation-induced muscle atrophy.
Skeletal muscle is a specialized organ that performs the dynamic work of force development, and it brings about structural and functional changes in response to the amount of mechanical load and activity. Skeletal muscle atrophy is easily caused by load decreases. For example, long-term lying down, plaster fixing due to treatment of fracture, microgravity exposure, and hind limb suspension of the rat lead to immobilized atrophy. Muscle atrophy is also observed with aging and the diseases of the nervous system. From the standpoint of muscular atrophy prevention, it is important to elucidate the molecular mechanisms of atrophy, but our understanding of this process remains unclear.
Sciatic nerve denervation is a typical experimental model for muscle atrophy. In fact, sciatic nerve denervation induces a dramatic shift of protein metabolism from protein synthesis toward protein degradation and reduction in the sizes of muscle fibers. Skeletal muscle atrophy is caused by both a decrease in protein synthesis and an increase in protein degradation. 1, 2) It has been found that denervation induces degradation of muscle proteins, especially contractile protein, by the activation of proteolytic systems, including ubiquitinproteasome and some specific proteases. 1, [3] [4] [5] Selective loss of contractile proteins relative to all cellular proteins results in smaller myofibers, but is not accompanied by a reduction in myofiber numbers. 6 ) Sciatic nerve denervation is also known to induce a shift of muscle fiber-type from slow toward fast in the rat soleus muscle. 7, 8) The loss of slow-type specific nerve stimuli in slow-type muscle causes changes in protein expression, a decrease of slow-type specific proteins, and a concomitant increase of fast-type specific proteins, but the molecular mechanisms of skeletal muscle atrophy and fiber-type transition are poorly understood.
To achieve a better understanding of skeletal muscle atrophy and fiber-type transition, we compared normal soleus muscle with denervated soleus muscle by twodimensional gel electrophoresis (2-DE), followed by MALDI-TOF-MS analysis. Some researchers have reported on proteomic analysis of denervated muscle. Their studies provide powerful evidence that might elucidate the molecular mechanism of muscle atrophy and fiber-type transition. [9] [10] [11] However, all such studies were performed on the whole proteome, including both sarcoplasmic and myofibrillar fractions. [9] [10] [11] Most of the proteins identified in these reports are metabolic enzymes and contractile proteins, which are the most abundant proteins in muscles. 12) In addition, because contractile proteins have been demonstrated to be selectively lost during muscle atrophy, 1, [3] [4] [5] one should separate whole muscle into myofibrillar and sarcoplasmic fractions to apply 2-DE to investigate the less-expressed proteins in atrophying muscle. Recent reports on proteomic analysis also emphasize that fractionation methods help to detect and identify more lowly expressed proteins. 13, 14) The objective of this study was to investigate changes of skeletal muscle proteome following denervation in order to understand the molecular mechanism of nervedependent muscle atrophy, and shift in muscle fibertype. For the reasons mentioned above, we analyzed the proteomes of both normal and denervated slow rat muscles that were separated into myofibrillar and sarcoplasmic fractions. We identified some unique proteins, which have not been reported as markers of y To whom correspondence should be addressed. Tel/Fax: +81-92-642-2949; E-mail: ikeuchiy@agr.kyushu-u.ac.jp Abbreviations: 2-DE, two-dimensional gel electrophoresis; MALDI-TOF-MS, matrix assisted laser desorption ionization-time of flight-MS; MLC, myosin light chain; HSP, heat shock protein; ACN, acetonitrile; PMF, peptide mass fingerprint; TFA, trifluoroacetic acid denervated skeletal muscles. Further detailed characterization of the role of these newly identified proteins in muscle might improve diagnostic procedures and the design of future strategies to treat muscle pathologies that involve fiber transformation.
Materials and Methods
Animals and treatments. Experiments were performed on young Wistar rats weighing 200-220 g. The rats had free access to food and water, and were subjected to standard conditions of humidity, temperature, and a 12-h light cycle. For sciatic nerve denervation, the rats were anesthetized with pentobarbital (1 mg/kg). The right hind limb was prepared for surgery, a 1-cm incision was made in the skin along with the axis of the femur, and the sciatic nerve was isolated. To prevent reinnervation, 3-5 mm section of sciatic nerve was cut and removed. The left hind limb was sham-operated. Denervated rats were anesthetized and killed by decapitation. Five rats were used as control and, five as the denervation group. The soleus and EDL muscles, were carefully excised from the hind limb, cleaned of tendons and connective tissues, weighed, and immediately frozen in liquid nitrogen. The muscles were stored at À80 C until processed. This procedure was carried out according to Kyusyu University's rules for animal welfare.
Sample preparation. The soleus and EDL muscles were prepared for 2-DE as follows: Frozen muscles were ground to a fine powder in liquid nitrogen using a pestle. The powder (50 mg) was resuspended in ice-cold extraction buffer (1 ml) containing 20 mM Tris-HCl (pH 6.8), 2 mM EDTA, 175 mM KCl, and 0.5% Triton X. The lysate was centrifuged at 10;000 Â g for 15 min at 4
C to obtain supernatant and pellets, containing sarcoplasmic and myofibrillar proteins respectively. The supernatant (sarcoplasmic fraction) was ultracentrifuged at 100;000 Â g for 60 min at 4 C. To precipitate proteins, 4 volumes of acetone (À20 C) were added to the supernatant and the mixture was incubated at À20 C for 40 min. After centrifugation (8;000 Â g for 10 min), the precipitate was washed with cold acetone (À20 C) and the pellet was solubilized in urea buffer containing 7 M urea, 2 M thiourea, 4% CHAPS, 1% DTT, 0.5% IPG buffer (pH 4-7), and a trace of bromophenol blue. The myofibrillar fraction (10;000 Â g pellet) was also solubilized in urea buffer. The sample was incubated in the urea buffer for 1 h at room temperature. For separation of proteins, in the pH 6-11 range, a half volume of DeStreak Rehydration Solution (Amersham Pharmacia Biotech, Piscataway, NJ) was added to the sample.
Two-dimensional gel electrophoresis (2-DE).
Proteins from control and denervated soleus muscle fractions were run in parallel. Isoelectric focusing was carried out with an IPGphor system (Amersham Pharmacia Biotech, Piscataway, NJ). Immobilized pH gradient strips (pH 4-7, 6-11, 18 cm) rehydrated for 12 h (300 mg for the pH 4-7 dry strip, 200 mg for the pH 6-11 dry strip) in urea buffer was focused in 4 steps at 500 V (1 h), 500-1,000 V (1 h), 1,000-8,000 V (1 h), and 8,000 V (8 h). After completion of focusing, the strips were equilibrated with a buffer containing 6 M urea, 130 mM DTT, 30% glycerol, 2% SDS, and a trace of bromophenol blue, and then with a buffer containing 6 M urea, 135 mM iodoacetamido, 30% glycerol, 2% SDS, and a trace of bromophenol blue. They were loaded onto 11% polyacrylamide gels (20 Â 20 cm). The system was run at 1,000 V at 24 mA per gel. The gels were fixed in 10% acetic acid and 40% methanol for 2 h and stained for 3 h using Flamingo gel stain solution (Bio-Rad Laboratories, Hercules, CA). The stained gels were washed in diluted water for 10 min. A molecular Imager FX (Bio-Rad, UK) was utilized to visualize protein spots with excitation at 488 nm. The spots were indexed using a PDQUEST.
In-gel tryptic digestion. In-gel tryptic digestion was performed as described by Rosenfeld et al., 15) with a slight modification. The target spot was excised with a clean scalpel and cut into 2-mm cubes. The gel pieces were transferred into a clean 0.2-ml microcentrifuge tube and washed with 40% 1-propanol at room temperature for 15 min. After removal of the 1-propanol solution, 200 mM ammonium bicarbonate in 50% ACN was added, and the sample was incubated at room temperature for 15 min. The gel pieces were dried and covered with 20 ng/ml of modified trypsin (Promega, Madison, W1) in a minimal volume of 100 mM ammonium bicarbonate for rehydration. Each gel piece was chopped into 4 to 5 smaller pieces and incubated 37 C. Then the supernatant was collected, and the gel pieces were extracted once with 100 mM ammonium bicarbonate, followed by two extractions with 80% ACN containing 0.05% TFA. The supernatant and extracts were combined and concentrated to the required concentrations.
MALDI-TOF-MS analysis. The resulting peptide mixtures were desalted using Zip-Tips C18 (Millipore, Billerica, MA), and eluted onto a 96-well MALDI target plate. Then 2-ml samples on the plate were mixed with 1-ml 10 mg/ml CHCA solution in 0.1% TFA in H2O/ACN (1:1). They were then dried at room temperature. MS data were obtained using a Voyager DE mass spectrometer equipped with a 337-nm N2 laser in positive ion reflectron mode (Applied Biosystems). Spectral data were obtained by averaging 64 spectra, each of which was the composite of 64 laser firings. Internal mass calibration was performed using bradykinin (904.45 Da) and ACTH (2465.75 Da).
Identification of protein. PMF was utilized for protein identification by analyzing the sizes of tryptic fragments via the MASCOT (Matrix Science, Boston, MA) search engines using the entire NCBI protein database. For effective PMF analysis, it was assumed that the peptides were monoisotopic, and the possibility that the methionine residues were oxidized was considered. The fingerprinting method allowed for a maximum of one missed tryptic cleavage per protein. The maximum deviation permitted in matching the peptide mass values was 100 ppm. Scores greater than 71 were considered to be significant (p < 0:005).
Immunoblot analysis. Muscle tissue lysates were subjected to SDS-PAGE under reducing conditions. The separated proteins were transferred to nitrocellulose membranes, which were then blocked with 10% powdered milk in 0.1% polyoxyethylene sorbitan monolaurate (Tween 20) in Tris-buffered saline (TTBS) prior to incubation with a 1:1,000 dilution of polyclonal anti-gamma-synuclein (SK23 antibody and E-20 Santa Cruz Biotechnology, CA) or anti-APOBEC-2 antibody (Abcam, Cambridge, MA) overnight at room temperature. The membranes were subsequently treated with biotinylated goat anti-rabbit (for anti-APOBEC-2 antibodies) or rabbit anti-goat (for anti-gamma-synuclein antibody E-20) IgG secondary antibody (Vector Laboratories, Burlingame, UK) at a 1:5,000 dilution in 1% powdered milk in TTBS for 1 h at room temperature, then with horseradish peroxidase-labeled avidin (Vector Laboratories, Burlingame, CA) at a 1:500 dilution in TTBS for 30 min at room temperature, followed by enhanced chemiluminescence (ECL) detection onto Kodak BioMax XAR films according to the manufacturer's recommendations (Amersham Pharmacia Biotech, Piscataway, NJ).
Real-time RT-PCR. Total RNA was isolated from normal and denervated muscle (50 mg) using Trizol reagent (Invitrogen, Carlsbad, CA). cDNA was synthesized from 3 mg of total RNA by a reverse transcriptase SuperScriptII (Invitrogen) using oligo-dT primer. Realtime quantitative RT-PCR was performed in triplicate with Lyghtcycler Systems (Roche Diagnostics, Penzberg, Germany) according to the manufacturer's protocol. The expression levels of mRNA of APOBEC-2 and gamma-synuclein were determined by normalizing them relative to HPRT expression. The forward and reverse primers were as follows: for HPRT, gaccggttctgtcatgtcg acctggttcatcatcactaatcac (probe no. 95), for gamma-synuclein, caccaccggggtagtacg cgccctcctcttgctctt (probe no. 79), and for APOBEC-2, tcctgaagtaggcaacagagc gccatcctggtcattgct (probe no. 40).
Results

Soleus muscle mass and protein concentrations of myofibrillar and sarcoplasmic fractions after denevation
The change in soleus muscle mass after sciatic nerve denervation is shown in Fig. 1A . Soleus muscle mass decreased time-dependently post-denervation. Similarly, the content of protein in the soleus muscle decreased significantly (Fig. 1B) . More than a 50% decrease in protein content was observed in the myofibrillar fraction by 14 d post-denervation, whereas only a 20% decrease was observed in the sarcoplasmic fraction. The different degradation rates of muscle protein during denervation atrophy might have been due to selective degradation of muscle proteins by the ubiquitin-proteasome system, because this system is known to degrade myofibrillar proteins more aggressively than sarcoplasmic proteins. 1, [3] [4] [5] This result also suggests the importance of employing the method separating whole muscle protein into myofibrillar and sarcoplasmic fractions for proteomic analysis of muscle. Furthermore, this separation procedure appeared to be useful for better detecting the low-expressed proteins in sarcoplasm, because myofibrillar proteins comprise more than 60% of whole protein in skeletal muscle. All previous proteomic studies on denervation atrophy have been performed on whole proteome. [9] [10] [11] Considering these advantages, myofibrillar and sarcoplasmic fractions were used separately in our proteomic analysis.
Differential proteomic analysis
Proteomic differential display experiments were repeated at least 3 times, and the average fluorescence intensity for each spot was utilized to determine the expression level. More than about 800 and 200 spots were visualized in the sarcoplasmic and myofibrillar fractions respectively. Protein spots from denervated soleus muscle samples, which were more than double or less than half the fluorescent intensity (level of expression) compared to the control muscles, were designated up-regulated and down-regulated proteins respectively.
Proteomic analysis of myofibrillar fraction Myofibrillar and sarcoplasmic fractions prepared from normal and denervated soleus muscles were applied to 2-DE at the same level of protein (pH 4-7 for 300 mg and pH 6-11 for 200 mg respectively). The 2-DE at pH 4-7 and pH 6-11 (data not shown) of myofibrillar proteins of normal and denervated soleus muscles (10 d) exhibited almost same patterns of protein expression (Fig. 2) . This means that the myofibrillar proteins were not specifically degraded, but rather decreased almost simultaneously in the same manner during denervation atrophy (Figs. 1B and 2) . Regardless of the similarity of the expression pattern, denervation affected the expression level of a certain type of myofibrillar proteins. Particularly, slow-type myosin light chain (MLC1) was significantly reduced and fast-type MLC1 was increased as compared to control (Fig. 2, spots 11, 13) . A similar change was also observed in MCL2 (Fig. 2, spots 12,  14) . Our proteomic results are consistent with previous reports that denervation caused a change in the distribution of both alkali and regulatory MLC isoforms, with a decrease in slow-type isoforms (Fig. 2, spots 11, 14) and an increase in fast-type isoforms (Fig. 2, spots 12,  13) . 7, 8, 16) MALDI-TOF-MS analysis led to the identification of 14 myofibrillar proteins (Table 1) .
Proteomic analysis of sarcoplasmic fraction
To detect changes in less abundant proteins in atrophying muscle more clearly, we prepared a sarcoplasmic fraction from whole soleus muscle. The 2-DE gel images of sarcoplasmic fraction of both normal and denervated (10 d) soleus muscle are shown in Fig. 3 . The sarcoplasmic fraction potentially includes membrane and nucleus proteins and a small amount of myofibrillar proteins. The top layer of the supernatant after centrifugation was carefully siphoned off to prevent contamination with them, but we could not exclude this completely.
2-DE gel image analysis revealed about 800 spots, of which 75 spots were differentially regulated during denervation atrophy. Subsequent MALDI-TOF-MS analysis led to the identification of 41 differentially expressed spots, corresponding to 21 different proteins ( Table 2) . Some of these corresponded to previously reported proteins (for example: myoglobin, spot 12; 17) parvalbumin, spot 36;
18) Hsp27, spots 1 and 2; 19) and alpha-crystalline B, spot 3 20) ). Major proteins that up-or down-regulated are listed in Table 2 . Arpp, myoglobin, alpha-crystalline B, alpha- ETF, and hsp27 are normally more abundant in slowtype muscle than in fast-type (data not shown). The expression levels of these proteins were down-regulated post-denervation in soleus muscle (Fig. 4) . In contrast, parvalbumin and triosephosphate isomerase, which express at a low level in slow-type muscle, as compared to fast-type muscle, were up-regulated post-denervation (Fig. 4) . These results provide the evidence that denervation caused the fiber-type transition from slow to fast in conjunction with the results of MLC shown in Fig. 2 . Oppositely to denervation, chronic low frequently stimuli against fast-type muscle induces a shift in protein expression towards the pattern typical of slowtype muscle. 21) As shown in Fig. 4 , we detected some unique proteins in the soleus muscle, APOBEC-2 and gamma-synuclein, which were markedly down-and up-regulated postdenervation respectively. The abundance of the two 
Discussion
In accord with previous studies, 7, 8, 16) our differential proteomic analysis found a fiber-type shift from slow to fast during atrophy (Figs. 2, 3) . Skeletal muscle myosin is composed of two heavy chains, two essential light chains (MLC1), and two regulatory light chains (MLC2). MLCs are responsible for force and velocity in muscle fibers. Therefore, the denervation-related shift of MLC toward the fast-type isoform is expected to happen naturally as a consequent of the lowering of mechanical load.
Twenty-three spots were differentially regulated proteins related to metabolic enzymes during denervation atrophy. These were identified as nine proteins, two of oxidative metabolism related enzymes (spots 27, 28, malate dehydrogenase mitochondrial, spots 14, 15, carbonic anhydrase 3) and seven of glycolytic enzymes (glycogen phosphorylase muscle form, aldolase A, enolase 3 beta, triosephosphate isomerase, phosphoglycerate kinase, glyceraldehyde-3-phosphate dehydrogenase, and phosphoglycerate mutase 2). Typically, oxidative enzymes are more abundant in slow-type muscle than in fast-type. 12) In this study, most of the metabolic enzymes differentially down-regulated during muscle atrophy were glycolytic enzymes, and only two of the oxidative enzymes were down-regulated. This result also gives collateral evidence that slow-type muscle (soleus) is capable of transformation into fast-type muscle following denervation.
Furthermore, by proteomic analysis, we also identified differentially regulated muscle proteins (spots 4, 5, 10-12, 37, 38) that have not been reported. These proteins have crucial roles in denervation-induced atrophy or muscle fiber-type transitions.
APOBEC-2 APOBEC-2 is expressed exclusively in skeletal and cardiac muscles and is considered to mediate the cytidine-to-uridine transcriptional editing of mRNA. 22) However, its substrate has not been identified and its Table 2 for a detailed listing of proteins in the sarcoplasmic fraction with changed abundances in the denervated soleus muscle.
physiological role is unknown. APOBEC-2 deficient mice have been already generated, but they showed no phenotypical changes. 23) On proteomic analysis of fasttype muscle (data not shown), we found that the expression level of APOBEC-2 was higher in soleus muscle (slow-type) than that of EDL muscle (fast-type). As shown in Fig. 5 , APOBEC-2 decreased in soleus and EDL muscles during the atrophy process. Furthermore, we investigated the expression level of APOBEC-2 in soleus and EDL muscles (fast-type) by immunoblot and RT-PCR. The expression level of APOBEC-2 was higher in slow-type soleus muscle than fast-type EDL muscle (Fig. 5) . These results suggest that APOBEC-2 may exhibit its RNA editing function to switch muscle fibertype. We also investigated APOBEC-2 expression in C2C12 myoblast and differentiated myotube. APOBEC-2 was expressed only in differentiated myotube (data not shown).
Ankyrin repeat domain protein 2 (Arpp)
Arpp is a member of the CARP family, a stretch responsive protein, which is more highly expressed in slow-type muscle than in fast-type. 24, 25) Previous study indicates that Arpp is up-regulated in 4-week denervated gastrocnemius muscle as compared to control muscle, 26) in conflict with a recent report that 37 kDa Arpp was down-regulated. 27) Our proteomic analysis of soleus muscle showed that Arpp (spot 6-9) was down-regulated at 1-week post-denervation, and rapidly disappeared after that. Since denervation brings about a fibertype transition from slow to fast, our results are consistent with that of Mckoy et al.
27)
Gamma-synuclein Gamma-synuclein was identified as a developmentally regulated gene in certain neuronal populations, 28, 29) and independently as breast cancer specific gene 1. Gamma-synuclein expression has been demonstrated in the nervous system, 28, 29) in advanced and metastatic breast carcinomas, 30) in the skin, 31) and in adipose tissue. 32) No gross phenotypic change was observed in gamma-synuclein deficit mice. 33) In skeletal muscle, gamma-synuclein expression is very low under normal conditions, and its physiological role remains unclear. Our finding on proteomic analysis of soleus (slow-type) muscle was overexpression of gamma-synuclein during the atrophy process (Fig. 6 ). To our surprise, it was barely detected before or after denervation in EDL (fast-type) muscle on immunoblot analysis (Fig. 6) . Further studies are required to understand the role of gamma-synuclein in skeletal muscle physiology and pathology.
Hspb2
Hspb2 (also called MKBP) is a member of the small heat shock protein family. It is expressed in skeletal and cardiac muscle. 34, 35) It is more abundantly expressed in slow-type muscle than fast-type. 36) Our proteomic analysis showed that Hspb2 was up-regulated in soleus muscle post-denervation, while other Hsp proteins (Hsp27, alpha B-crystalline, hsp family, member 7) were down-regulated. Induction of expression of Hspb2 was observed in both slow and fast-type muscles postdenervation (data not shown).
The proteomic analysis on denervated soleus muscle in this study provides information that might improve our understanding of the mechanisms of denervationinduced atrophy and fiber-type transition. We identified some differentially expressing proteins, especially APOBEC-2 and gamma-synuclein, whose roles in the atrophy process remain unclear. We are studying the roles of these proteins in normal and denervated muscles using APOBEC-2 and gamma-synuclein knock-out mice, as described previously. 23, 33) We feel that our research approach raises new possibilities of developing targets for therapeutic intervention in skeletal muscle atrophy after nerve injury. 
